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An investigation wos made to predict whether a hollow aluminized-plastic
sphere in a terrestrial orbit at about 100C miles altitude would be easily
visible to the naked eye, would be o good reflector of radar waves, would
be protected from deterioration of the plostic by ultravioler radiation, and
would assume acceptable extremes of temperature. It was found that a
2200 A thick coating of vapor-deposited aluminum on Y4 -mil-thick mylar
80 C PER COPY forming a 100-ft-diam sphere would probably meet all requirements re-
garding radiation as well as a maximum weight limit of about 100 Ib.
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The Design Characteristics of Inflatable
Aluminized-Plastic Spherical Earth
Satellites With Respect to Ultraviolet,

Visible, Infrared and Radar Radiation

Among the satellite experiments of Interest
i1s one 1nvolving the use of a large, lightwelght,
infiatable, plastic spherlcal shell.l It woulad
be deslrable for thls satelllite to be easily vis-
1ble to the naked eye, to be a good reflector of
radar signals, and to have a long lifetime in or-
bit. The satellite would then have a number of
uses which need not be discussed herein.

In additlon to meeting a maxlmum welght re-
quirement and an approximate minimum size re-
quirement, there were therefore four reguirements
Involving electromagnetic radliation in the spec-
trum from the extreme ultra-violet to radar wave-
lengths, inclusive, that were desired to be met.
Triese were:

1 That the satellite reflect sufficient
vislble radiatlion from the sun to be readily dis-
cernible by the naked eye when at an altitude of
thc order of 1000 miles,

2 That the satellite reflect radar waves as
well as practlcable.

3 That the plastlce which fcrmed the shell
of the satelllte be protecved from deterloration
by long-term exposure to the sun'!s ultraviolet
radiation.

L  That the satellite ascume, by virtue of
1ts reflectivlity tc solar radlatlon and its emils-
slvity in the infrared, an equilibrium tempera-
ture in sunlight that was not too high and in
the earth's shudow that was not too low.

The purpose of the present paper 1s fc des-
cribe the methods used and the results obtalned
in so designing the vehlele that it would, as
far as was practlcable, meet the four require-
ments lnvolving radlation.

GENERAL CON3IDERATIONS

Trie spherical shipe was chosen in order to
provide a configuration that would not scintil-
late if the vehlcle rotated or tumbled, av scin-
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1
Thic and other pneumatically erectable cnn-

flgurations were proposed by Mr, W. J. O'Sullivan
of the NASA Lanrlcy Research Center.

tillation was radar
and to provide a conflguration for which there
was no difficult orientation protlem, as there
would be for a concave mirror. To meet the
welght limit, which was approximately 100 1b in-
cluding the contalner, and at the same tlme to
provide as large an object as possible, 1/4 mil
(0.00025 in.) plastic film was chosen to form &
spherlcal shell 100 ft diam. The sphere wlll te
placed into orbit in a folded condition and then
inflated by 3pproximately 1 1b of gas contalned
small tank or by the vapor
pressure of water or some other ligquld. The
plastic would thus weigh about 60 1b, and come
margin would- remaln for the weight of seams, the
contalner, ard the inflating gas or vapor. Clear
plastic does not meet the first three require-
ments regarding radiation. It can be shown that
plgmented plastlc of a light color, if 1t were
avallable, would meet the visiblillty and thermal
regquirements but not the others., Plastlic coated
with aluminum paint would meet the four radiatilon
requirements, but the welght would be too great.
Accordingly, a thin film of vapor-deposlted

undesirable for a retlecter,

4t high pressure 1n a

sluminum was chosen as probably belng the best
practlical solution to the problem.

NOMENCLATURE

followlng nomenclature is used in the

albedo of earth

absorptivity (fractlon of incident ra-
diant energy which is abscrbed)

= velocity of 1lisht

= solar constant

= dliameter

= altltude

intenslty of radiation

= RE/(RE + h)

= stellar magnitude

= distance

= reflectivity (fraction of incldent radi-
ant enercy which 1s reflected)
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S = surface area

t = thickness (!

transmission (fractlon of incildent radi-

ant energy which is transmitted)

= temperature

= angle of emlisslon and of incldence in
Fig. 4

= emlssivity

= angle of 1ncldence

= extinction coefficient

wave length

permeablility

electrical conductiviby

Stefan - Boltzmann constant, 8.135 x
10-1lcal

cm? - min - Ok¥

$ = angle of reflectlon or emisslon

=]
f

)
I
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Subscripts
E = earth

0 = 1initial
S = solar
CS = coldest spot
HS = hottest spot
0 = outslde
1 = inslde

REFLECTION OF VISIBLE RADIATION

The poilnt of departure for maklng a choilce
of thickness for the alumlinum fi1lm was data on
1ts reflectlivity 1n the visible. The data that
were used are those shown 1n Flg. 1, which shows
experimental results published by Holland (;).2
This flgure shows the reflectivity au. the trans-
mission for 4600-A radlation as function of thick-
ness of film and are sufficiently applicable to
solar radiatlon, which has a rather narrow and
high maximum at about 4700 A. At a thickness of
375 A the transmission 1s very nearly zero and
the reflectivity 0.9.

These data were, of course, obtalned on
films produced 1n the laboratory by a very care-
fully controlled process and that were very

clean. Because the fllm on the satellite would
be commercially deposited and would be subJected

to handling in the process of assembling, fold-
ing and packaglng, and to allow for non-uniformi-
tles in film thickness, the thickness chosen for
use on the satelillte was nearly silx times 375 A,
or 2200 A. (The mass of aluminum on a 100-foot
sphere would thus be 4 1b.) The reflectivity iIn
the visible of the satellite materlal was meas-
ured as 0.90.3

2 Underlined numbers in parentheses designate
References at end of paper.
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Fig.l Reflectivity and transmis-
sion at 4600A of aluminum films as
function of thicknsss., Data from
Reference 1.

The questlon then 1s, what wlll be the vis-
ual magnitude of a 100 ft aluminized sphere at
an altltude of 1000 milles and illuminated with
sunlight. The sphere wlll Intercept sunlight by
its projJected area and will specularly reflect
aqually Into essentlally a complete sphere which
has a radlus at the earth's surface u: the altil-
tude of the satelllte. The sunfts brightness will
therefore be attenuated 1n the ratlo of the pro-
Jected area of the satellite multiplied by the
reflectlivlity to the surface area of the sphere,
or a factor of 2.02 X 10'11. The apparent visual
brightness of the sun expressed as stellar magni-
tude is -26.7, and since each unit change 1n mag-
nitude changes the brightness by a factor of
(100)1/5,

(100)1/5 (-26.7 - m) _ ;o> x 10711

where m 1s the visual magnitude of the satel-
lite. From thls equation, m = 0.0L. Tue salei-
1ite wlll therefore be brighter than all but two
stars, Sirius in the northern hemisphere and
Canopus 1in the southern, and four plancts, Venus,
Jupiter, Mars and sometimes Saturn.

REFLECTION OF KADAR

It 1s well known that, as the wave length
of the 1ncldent radiation 1ncreases, the reflec-
tivity of bulk metal generally lncreases and

3 These measurements were made for the NASA
through the courtesy of Dr. Georg Hass of the
Army Engineer Research and Development Labora-
tories and I, Nimeroff of the National Bureau of
Standards.
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Fl1g.2 Sketch used in dori- .., expressions for
flux received by satellite.

closely approaches unity in the mid-infrared
where reflectlon depends on only the free and
not the bound electrons. A metal can therefore
be expected to reflect nearly 100 per cent 1n
the radar reglon This 1s true also for a metal-
lic fi1lm desplite the fact that, although the
thilckness of the metal may be of the order of a
wave length 1in the infrared, 1t willl be about
five orders of magnitude smaller than a wave
length in the radar reglion. Thils point is men-
tloned because a number oi the people who were
Interested in the use of this satellite as a re-
flector of radar signals felt that the thickness
of metal was too small for’ the absorption to be
slgnificant and that therefore the slgnals could
not be reflected. It 1s true that the absorp-
tion 1s not large., The decay of intensity in
the metal 1s gilven by

/I, = et K t/A

where the extlinction coefficlent K 1s glven by
(+to Ac)l/4 for ,reat enough wave lengths (mid-

For the film 1n question,
the conductivity was measured as 4 x lO6 mho/m,
(This 15 about 1/9 the value for the bulk metul.)
For 10-cm radar, the intensity therefore de-
creases only to 70 per cent of the initial value
in the metal. But the 1nitial value 1s only twe
per cent of the 1ncldent, as will be shown short-
ly. Therefore, the absorption 1s qulte small.

infrared o> wreater).

Large absorptlion, however, 1s not necessary for
high reflectivity, cnly a large extinction coef-
ficlent 1s necessary. It can be shown from the
boundary condltions which the electric and the
magnetlc vectors must satlsfy, as deduced from
Maxwell's equatlons, that, nrovided A =rd o are
high enough (as they are in thils case), the re-
flectivity of a metal 1s given by

. R=> 1 - 2/K,

R
This relation glves in the present case a reflec-
tivity of essentlally unity. Thls was substan-
tlated by measurements, as follows:

Frequency,
Source Mc/sec Reflectivity R
MIT Lincoln Lab.2 . . . . 2880 0.98
Bell Tel. Labs.P . . . . 4000 >0.98
Bell Tel. Labs.P . . . 11000 - 0.98
NASA Langley Res. Cen.. 20000 0.97

2 Tis measurement was made for the NASA through
chie cuurvesy ol uve. D, E. Dustin of the Lincoln
Laboratory, Lexlngton, Mass.

These measurements were made for the NASA
through the courtesy of Dr., J. R. Plerce, Direc-
tor of Electronlcs Research, Bell Telephone
Laboratorles, Murray Hill, N. J.

The aluminum skin of the satelllite 1is there-
fore a good reflector of radar. A sphere, how-
ever, 1s not a very good conflguration for a re-
flector. The minimum transmitter power requilred
for receiving intelligible signals reflected
from the satellite depends of course on the kind
of information that 1s to be transmitted, but
the approximate transmitter power required for
very simple systems and for systems of modula-
tion that requlre much greater signal-to-nolse
ratios can be calculated. For transmltting and
recelving antennas of 50 ft diameter, a wave
length of 10 cm and a satellite dlameter of 100
£t and altitude of 1000 miles, 1f a maximum
1llowable loss of 100 db per milllwatt 1is assumed,
10 kw of transmltter power are regulred. If a
maximum allowable loss of 70 db per milliwatt 1s
assumed, 10 megawatts of transmitter power are
required. These two transmitter powers falirly
well bracket the range of power that might be
needed for successfully uslng the satellite as
4 reflector,

TRANSMISSION OF ULTRAVIOLET

The ultraviolet region extends from 4000 A
to about 300 A. Data on the extinctlon coeffi-
clent ¥, for aluminum films could be found in
the literature only for 4000 A, where K 1s
given as 3.92 1n reference {2). About 101 of
the incident radiatlon at this wave length 1s
reflected and only about 10-13 1= transmitted
through the aluminum to the mylar, As fthe w e
length decreases, the reflectlvity decreases and

3
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the transmisslon increases. From data glven in
relerence > tne transmisslon would be expected
to be somewhat less than 10-2 in the range from
1250 to 833 A, which includes the wave length of
the B, 1ine, 1216A, which is rather intense in
solar radlation (4).

Data for the reglon between 900 and 300 A
are very scarce. Reference 3 shows, however,
that the transmlssivity of a fillm increases rapld-
ly from nearly zero at 833 A to large values at
500 A and that the reflectlvity falls to zero at
700 A and remains zero to the 1imit of the tests,
which was 500 A, The absorption coefiiclent at
500 A is glven as about 102 cm‘l, so the trans-
mitted Intensity 1s about 1C per cent of the 1in-
cldent.

To sum up, practically no ultraviclet be=~
Lween 4070 A and about 833 A would be expected
to reach the plastic, but at about 500 A about
10 per cent would penetrate to the plastlc. At
thls wave length the intensity of the sun's radi-
ation 1s not yet known. The effect of prolonged
exposure of the plastic to about a tenth of this
Intenslty in thls wavelength range 1s also not
known.

EQUILIBRIUM TEMPERATURES

The maximum and the minimum allowable tem-
peratures of the skln are set by the properties
of the plastic. The temperatures of the pour-
tions of the sphere that assume the extreme
values are therefore of most interest. Two sim-
plifications that are quite Justifled make the
calculatlons easler than they otherwise would be.
On account of the very small skin thickness, the
transfer of heat from the hotter to the colder
reglons of the sphere by conduction 1s negligi-
ble, and on account of the small heat capaclty
of the satelllte, the time required closely to
approach thermal equilibrlum 1s small compared
to a half perlod of revolution,

There are three sources of the radlation
that 1s received by the satellite:

1 Direct radiation from the sun,

2 Bun'!s radlation reflected from the earth,

3 Direct radiation from the earth.

Direct Radlation From Sun

The solar constant Cg 1s the amount of radi-
ant energy from the sun that falls on unlt area
at normal 1ncldence 1ln unit time at a location
Just above the eartn's atmosphere at the average
sun-earth dlstance. Of thls flux, a fraction
given by Ag 1s absorbed. (The fact that Ag may
be a function of angle of 1ncldence 1s not taken
into account herein.) Therefore the rate at

i

which energy 1s received directly from the sun
by the satellite 1s

(m/4)D° Cg Ag cal/min

The Smithsonilan value of the sclar constant
is 1.94 cal/cm?-min (5). A later and perhaps
more accurate value 1s 2,00 + 0.04 cal/cm®-min
(6). The annual variatlon of incldent flux be-
tween a maximum in December and a minimum in
June is an additlonal 0.07 cal/cm®-min. Thre
value used hereln for the flux 1s the mean,

Cq = 2.00 cal/cn®-min.

Solar Radlatlon Reflected From Earth

If the earth were 3 specular reflector of
sunlight, the calculatlon ¢! the rate of recen-
“ton by the satelllte of sclar radiatlon reflec-
ted from the earth would be relatlvely simple.
The reflection, however, probably occurs princi-
pally from clouds and 1s therefore diffuse rather
*han specular, Russel (1) derived an expression
for the diffuse case that is applicable when the
recelving body 1s at a distance from the reflec-
tor that is large compared to the rudius of the
reflector, The same expression 1s also derived
in (8). The results are not applicable when
the recelver 1s close to the reflector. Gast
{9) treats the case when the satellite 1s less
than several thousands of miles from the earth
and glves an expression that 1s through error
Just one half that obtalned herein as an approxi-
mate expresslon.

Te energy absorbed per unit time per unit
area normal to the direction of propagation, by
reflectlion from an element of area d3 on the
earth 1s, by Lambert!s law, and Fig. 2,

5_03 Ag a cos & cos ? as/mrd
The element of area dS o1 the earth 1s
dS = 2 m Ry’ sin @ do
rom the coslne law, the dilstarce r is glven by
rl = RE2 + (RE + h)2 - 2 Rg (RE + h) cos ©

or

ré = (R + n) (1 + k% - 2 k cos @)

where

k = Rg/(Rg + h)

From the sine law,




-

cos § = 1 -

1/2

4

1 1
cse< © (cos © - k)< + lJ

= cos B8 - k
(1 + x* - 2 k cos 6)1/2

The projected normal area of the satellite 1s
(n/&)D2. Since thes radlation is essentlally
solar, the absorptivity of the satellite for it
l1s taken as Ag. Then the flux absorbed by the
Satelllte 1is

8 = arc cos k

D2 D {cos 8 - k) cos 6 sin 8 d6
— Cg Ag azk S S
4 (1 + k2 - 2 k cos 6)3/2

<o =0

whilch has the value
r

T .2 4 x>
T p2'Cq Aq a — ko
¥ Ssaszl+2

.'1+32‘i)(1-k2)1/2l cai/
min

The factor E__ ! ] can be very closely approx-
imated by 3k -

2[1-(1-Kk¥)1/27

Therefore the satellite recelves from the earth
as diffusely reflected sun's radilation
3
: 1/2
a21l-(1-k2)/,!
o

-

Tp? g, A

T g Ag cal/min (1)

Direct Radlatlon From Earth

Since the earth remains at nearly the same
temperature for centurles, and the outward flow
of energy from the interior is very small and the
net energy used by plants 1s very small, practi-
cally all the energy the earth recelves from the
sun is either reflected or radlated. The surface
area of a sphere is four tlmes the projected
The radlation from the earth 1is therefore

area.
Cg (1 - a)/u cal/cmz-min

The flux falling on and absorbed by the satellite
15, by Lambert!s law and figure 2,

Q0 = arc cos k

EQEEQ dS cal/min

mr

2

1 - anD

Co Ap ——= 22
S “E L 4

When the same substitutions as before are made
and Intepgratlion 1s performed, the flux becomes

— REFLECTED
RADIATED
SUN FanY }
i EARTH
< HOTTEST
— SPOT
Flg.3 Lecation of hottest 5pot on sat-1llite.
i, - o 1/21 (2)
m D? Cg Ag -(-—)-n 1o~ (1 - k%) | cal/min
<

Ten.peratures

The total rate of enery reception is
therefore
" 5
1 -2’

bif 2 .
A .
T D Cs s. l1+2(a+ AS

1/2.]

[ cal/min (3)
1

1 - (1 - k)

The total rate of energy loss 1s ﬂD2
€ 0T cal/min where T4 1s the fourth power of
the skin temperature averaged over the surface
in such a way that the above expresslion 1s the
rate of radiation from the satellite. At equl-
1ibrium, rates of energy receptlon and loss are
equal:

ol 3
¥ o1 . 1 - aAg:

1/2

1- {1 -k9 cal/cm? min (4)

The results of the foregolng analysls are
used first to derive an expression for the
equilibrium temperature THS of the hottest spot
on the satellite when the satellite 1s so located
that thils temperature is a maximum; 1.e., that
energy receptlon rate 1s greatest, The satellite
nf course 1s then directly between the sun and
the earth (Fig. 3). For unit area of the hottest




Flg.4 Geometrical relations
in a circle.

spot faclng the sun, the thermal balance 1s glven
v, the equation

Reception from sun + reception from inside
= radiation from both sldes

The rate of reception
Ag.

The rate of radlation
€1+ EO) UT}L%SO

The rate of rnception

from the sun 1s Cg
from both sides 1s

from the 1lnside of
found.

the satcllite must next le Because the
skin of the satelllte 1s so thin thﬁt no signifi-
cant temperature difference can exlst hetwcen

the outslde and the 1nside surfaces, equatlon
(4) can be multiplied by fi/’€o and the surface
area (n/H)D2 to obtaln the total rate of emilssion
of radlation on the 1Inside of the sphere:

2 [ A
T p2 4 . mh =1 l 4 k=2 B
T+D EiUT _Tl OCSAS!1+2[3 m AS

m

[1 - - ke)l/zﬂj (5)
J

It 1s easy to show, however, that thils flux is
recelved equally by all elements of area on the
inside surface of the sphere.

Any two elements of area on the surface of
a sphere, Flg. 4, 1le on a great circle plane
through the sphere center. The 1ntenslty of the
radiation from one of these elements 1is by
Lambert's law proportional to cos i* . The normal
projection of the recelving element 1s proportion-
al to cos 3 . The intensity also varles inverse-
1y as the square of the distance r between the
elements., But in a clrcle, r = D cos 3. There-
fore, the flux recelved by an element from another
element does not depend on B and 1s therefore not
a function of latitude or azimuth. In other
words, a given element of area contributes equal-

6

ly to the flux received by all other elements.
Therefore all elements receive energy at the same
rate, no matter what the temperuture distribution
is. Tuls result 1s, of course, true only for a
sphere.

Therefore, the rate of reception of energy
by unit area of the hottest spot 1s Just (1 o ™
as given by equatior (5). Then in ejquillibrium,
the thermal balance equatlon for unlt area of

the hottest spot is

. ' Ed A-1
1 "1 - . l1-a "E}
Cq Aq + = —= Cq Aq 1 + 2 [u + =2 —~"
S 7S T S 78 . y s
. -
— L* 6
= (c—i + ¢ O) o—THS {5)

An expression 1: needed also for the tem-
perature TCS of the coldest spot on the satellite
when the sdtelllte 1s in the locatlon that Tes
is 2 minimum; 1.e., when the satellite is in the
earth!s shadow. It then recelves no direct or
reflected energy Ifrom the sun, only dlrect radia-
tion from the earth. From equation {4) the therm-
al-balance equatlion for the satelllte when 1t 1s
in the earth's shadow is

- r 1
1/2
€5 o T = L cg &g (_12_3)¥i1- (1-x

|
|
S L s

The coldest spot recelves energy only by radla-
tion from the 1nslde surface of the satellilte,
at the rate

N €, 1-a An |

1 ¢
. £ ~.1/2
& o o ——— —_) =
10T =T CgAg (F) il - (1 - k)
{
[
Tts thermal balance 1s therefore given by
c o /2]
1 1 1l-a E 2 <
T Cq Ag (/) — {1 - (1 - k“
-’4&033(2)Asl: ( ) 1
- (¢ - I
(C1+ €,) 0T (9)

What remalns 1s to substltute values for
the varlous constants into equations (6) and (9)




and to solve for THS and TCS' The value of Ag
for the satelllte materlal was measured as
0.10.4 The value of €, was found to be 0.0j.b
The guantity Ap can be assumed to have the same
value as €,. The culosivity 6;1 of the mylar
slde or inslde surface of the satellite material
was found to be 0.40.6 Danjon (16) has been in-
vestigating the earth's albedo since 1926 by
measuring the intensity of the earth-shine re-
flected by the moon. Fritz (11) has computed the
earth's albedo from measurements and estimates
of the 1individual albedos of clouds, seas, and
so on. They bcth agree that the average value
1s about 0.36. There is evidence of a minimum
value of about 0.32 1n July and a maxlmum value
of 0.52 1n October.

Calculatlons of the satellltels highest tem-
perature were made by euuatlon (6) for both the
average and the maximum values of albedo, and
for perigee altltudes of both 800 and 1000 miles,
for which k 1s, respectively, 0.833 and 0.80,

The results are shown in Table 1.

-_— —

Table 1 Temperature of Hottest Spot on Satellite
for Two Vilues of Altitude and Two of Earth!s

Albedo
Altitude, Earth's albedo, Ty
mlles a deg C
8oc 0.36 150
800 0.52 160
1000 0.36 148
1000 0.52 156

The temperature of the coldest spot on the
satellite should properly be calculated only for
the average value of the albedo. Its value from
equation (9) 1s -104 C for an altitude of 800
miles and -108 C for an altitude of 1000 miles.

These calculated maximum and minlmum values
of the temperature zre belleved to be acceptable,

L

Measurements of this quuntity were made for
the NASA through the courtesy of G. Hass of Army
Engineer Research and Development Laboratories
and of I, Nimeroff of the National Bureau of
Standards.

Measurements of thls quantlty were made for
the NASA through the courtesy of L, F. Drummeter
and E., Goldsteln of the Naval Research Laboratory
and of T. 0. Thostesen of the Jet Propulslon
Laboratory.

6 Measurements of this yuantity were made for

the NASA through the courtesy of L. F. Drummeter
.23 E, Goldstcln -7 the Naval Research Litorabory
and of T. 0. Thostecen of the Jet Propulsion
Laboratory.

Limlted tests have shown that no detectuble
changes occur 1n the aluminized plastlc when
heated to 230 C 1n an inert gus, although the
tenslle strength of the plastlc 1s zero at 245 C.
Tests have alsc shown that seams such as will Le
used In constructing the sphere are satlsfactory
at =100 C so far as adheslve propertles and

flexibility are concerned.
CONCLUSION

The design study of the characteristilcs,
wlth respect to radlatlon, of a 100-foot dlameter
hollow spherical satelllite formed of 1/4-m11
mylar and coated with 2200 A of vapor-deposlted
alumlnum has shown that the performance can be
predicted to be satlsfactory with regard to 1its
vizibility, its abllity to reflect radar, 1ts
maximum and minimum temperatures, and probably
its reslstance to deterloration by solar ultru-
violet.
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